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Abstract:  This  research  report  includes  two  parts.  First,  the  fabrications  of  sphere-like  Au 
nanoparticles  (NPs)  of  fixed  orientation  on  sapphire,  GaN,  and  Si  (A  substrates  through  the  irradiation 
of  a  few  pulses  of  266-nm  laser  onto  Au  thin  films  deposited  on  the  substrates  are  demonstrated.  The 
top-view  diameter,  contact  angle  on  substrate,  surface  population  density,  and  surface  coverage 
percentage  of  the  NPs  can  be  controlled  by  the  Au  thin  film  thickness,  laser  energy  density,  substrate 
choice,  and  the  gas  or  liquid,  in  which  the  Au  thin  film  is  immersed  during  laser  irradiation.  Due  to 
the  fixed  orientation  of  NPs,  optical  transmission  measurements  show  clear  in-plane  and  out-of-plane 
localized  surface  plasmon  resonance  (LSPR)  features,  including  the  air  resonance  feature  dictated  by 
the  gas  or  liquid  immersing  the  NPs  during  transmission  measurement,  the  in-plane  substrate 
resonance  feature  controlled  by  the  substrate  material  and  the  contact  angle,  and  the  out-of-plane 
resonance  feature,  which  is  strongly  influenced  also  by  the  substrate  material  and  the  contact  angle. 
Numerical  simulations  based  on  the  finite-element  method  using  the  experimental  parameters  show 
highly  consistent  LSPR  spectral  positions  and  their  variation  trends.  From  the  simulation  results,  one 
can  also  observe  the  relative  importance  between  NP  absorption  and  scattering  in  contributing  to  the 
extinction.  This  simple  laser-irradiation  method  for  fabricating  fixed-orientation  sphere-like  Au  NPs 
of  no  aggregation  and  of  strong  adhesion  to  the  substrate  is  useful  for  developing 
polarization-sensitive  LSPR  bio-sensing.  In  the  second  part,  helical  deposition  of  InGaN  with  a 
quasi-periodical  indium  content  distribution  along  the  growth  direction  for  growing  InGaN 
nanoneedles  with  the  vapor-liquid-solid  growth  mode  by  using  Au  nanoparticles,  which  are  formed  on 
a  GaN  template  with  pulsed  laser  irradiation,  as  catalyst  in  a  metalorganic  chemical  vapor  deposition 
reactor  is  deduced.  The  deduction  is  based  on  the  analyses  of  the  scanning  results  in  the  high  angle 
annular  dark  field  and  energy  dispersive  X-ray  operations  of  transmission  electron  microscopy 
measurements.  In  such  measurements,  the  composition  variations  along  and  perpendicular  to  the 
growth  direction  (the  c-axis)  are  scanned.  The  alternating  indium  content  along  the  growth  direction  is 
attributed  to  a  pulsed  behavior  of  indium  super-saturation  process  in  the  catalytic  Au  droplet  at  the  top 
of  an  InGaN  nanoneedle.  The  helical  deposition  can  be  due  to  the  formation  of  screw-type 
dislocations  around  the  bases  of  InGaN  nanoneedles  for  initiating  spiral  growth. 
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Part  I:  Fabrication  of  Fixed-orientation  Sphere-like  Au  Nanoparticles  on  Substrate  with  Laser 
Irradiation  and  Their  Polarized  Localized  Surface  Plasmon  Behaviors 

1.  Introduction 

Metal  nanoparticles  (NPs)  can  find  important  applications  in  recently  developed  nanotechnologies, 
particularly  in  plasmonics  for  bio-sensing.1  "5  Localized  surface  plasmon  (LSP)  resonance  (LSPR) 
features  on  metal  NPs,  which  are  prepared  on  a  substrate,  have  been  used  for  bio-sensing  based  on  the 
resonance  wavelength  dependence  on  the  refractive  index  of  surrounding  liquid.  Such  a  measurement 
can  lead  to  refractive  index  measurement  sensitivity  as  high  as  880  nm  spectral  shift  per  refractive 
index  unit.6  Among  the  methods  of  fabricating  metal  NPs,  chemical  synthesis  is  the  most  widely  used 
approach.7'9  Normally,  in  fabricating  an  LSPR  device,  chemically  synthesized  metal  NPs,  such  as  Au 
and  Ag,  are  spin-coated  on  a  transparent  substrate.  However,  the  bonding  between  the  metal  NPs  and 
the  used  substrate  in  such  a  device  is  usually  weak  leading  to  unstable  detection.  Also,  the  NP 
aggregation  can  be  a  major  problem  in  fabricating  such  a  device.  Besides  spin-coating  chemically 
synthesized  metal  NPs  on  a  substrate,  several  methods  have  been  developed  for  fabricating  metal 
nanostructures  on  a  substrate,  such  as  the  structures  of  nanoring,  nanodisk,  and  nanoprism.6’10"15 
Among  them,  colloidal  lithography610  and  nanosphere  lithography11  have  been  used  for  directly 
fabricating  metal  NPs  on  a  substrate.  Plasmonic  nanolithography  for  forming  metal  nanodot  arrays 
was  also  reported.12  Because  the  size  and  shape  of  a  metal  NP  determine  the  LSPR  wavelengths, 
shaping  a  metal  NP  is  an  important  issue.  The  shape  of  an  NP  can  be  manipulated  through 
laser-induced  LSPR  excitation  during  the  chemical  synthesis  process.13"17  Also,  the  geometry  of  a 
metal  NP  can  be  modified  by  direct  laser  irradiation  when  the  NP  is  in  either  liquid  or  gas 
environment.16"16  Although  various  methods  for  preparing  metal  NPs  on  a  substrate  have  been 
implemented,  they  either  correspond  to  complicated  processes  or  lead  to  random  orientations  of  NPs 
on  substrate.  A  fixed  orientation  of  NPs  on  a  substrate  can  result  in  polarization-sensitive  LSPR 
excitation  for  more  versatile  sensing  application.  If  a  simple  technique  for  directly  fabricating  metal 
NPs  of  fixed  orientation  and  controllable  parameters  on  a  substrate  with  strong  adhesion,  the  LSPR 
sensing  technology  can  be  significantly  improved. 

In  this  part  of  the  report,  we  describe  a  simple  method  for  fabricating  substrate  adhesive  Au  NPs 
of  no  aggregation  based  on  a  process  of  laser  ablation  and  annealing.  The  size,  shape,  surface  density, 
and  coverage  of  Au  NPs  on  a  substrate  can  be  controlled  by  laser  energy  density,  substrate  material 
and  surface  condition,  deposited  Au  film  thickness,  and  the  liquid  covering  the  Au  film  during  laser 
irradiation.  With  optical  transmission  measurements,  the  in-plane  and  out-of-plane  LSPR  features  can 
be  clearly  identified  due  to  the  fixed  NP  orientation  on  substrate.  The  spectral  features  of 
substrate-affected  LSPR  modes  rely  on  the  size,  Au/substrate  contact  area,  substrate  material,  and 
surrounding  gas  or  liquid.  Numerical  simulations  based  on  the  finite-element  method  show  highly 
consistent  results  in  the  LSPR-induced  extinction  spectral  features.  The  used  laser  came  from  the 
fourth-harmonic  generation  (266  nm)  of  a  Q-switched  Nd:YAG  laser  of  adjustable  pulse  repetition 
rate.  In  Au  NP  fabrication,  one  or  a  few  laser  pulses  were  applied  onto  an  Au  thin  film,  which  was 
deposited  on  a  double-side-polished  substrate  with  electron-beam  evaporation.  The  used  substrates  are 
transparent  in  the  visible  range  for  transmission  measurements  with  a  white  light  source. 

2.  Experimental  Results 

The  four  parts  of  Fig.  1  show  the  results  of  laser  irradiation  with  two  pulses  onto  a  10-nm  Au  thin  film 
on  a  sapphire  substrate.  The  laser  pulse  energy  density  was  around  30  mJ/cm2.  Figures  1(a)  and  1(b) 
show  the  plan- view  scanning  electron  microscopy  (SEM)  images  of  the  surfaces  before  and  after  laser 
irradiation,  respectively.  One  can  see  the  cracks  of  the  Au  thin  film  on  sapphire  substrate  in  Fig.  1(a). 
After  laser  irradiation,  sphere-like  Au  NPs  of  various  sizes  can  be  observed  in  Fig.  1(b).  Figure  1(c) 
shows  a  tilted  SEM  image  of  the  Au  NPs.  One  can  observe  the  cut-facet  of  the  sphere-like  NPs.  To 
understand  the  NP  size  distribution,  we  developed  a  computer  program  to  evaluate  the  sizes  and 
population  density  of  those  NPs  based  on  the  plan-view  SEM  image.  The  NP  diameter  distribution  is 
shown  in  Fig.  1(d).  Here,  the  NP  diameter  shows  a  nearly  normal  distribution  ranging  from  30  through 
170  nm  with  the  average  diameter  around  85  nm.  The  contact  angle,  0C,  between  an  Au  NP  and  the 
substrate  is  defined  as  that  between  the  contact  facet  and  the  tangential  of  the  Au  body  at  one  of  the 
contact  edges,  as  demonstrated  in  the  insert  of  Fig.  1(d).  During  the  laser  irradiation  process,  the  gold 
film  is  melted  due  to  the  absorption  of  UV  laser.  The  contact  angle  of  an  Au  NP  in  solid  phase  is  close 
to  that  of  a  liquid  Au  droplet  at  a  temperature  close  to  the  melting  point.  Therefore,  this  contact  angle 
can  be  ideally  evaluated  by  using  the  Young-Dupre  formula  as19 


Ysv  -  Ysl  -  Ylv  cos0c  =  0  (1) 

Here,  yLV,  Ysv,  and  ySL  are  the  surface  tensions  at  the  liquid/vapor  (Au/air),  solid/vapor  (substrate/air), 
and  solid/liquid  (substrate/ Au)  interfaces,  respectively.  Note  that  a  larger  contact  angle  corresponds  to 
an  Au  NP  shape  closer  to  a  perfect  sphere.  The  size  of  the  contact  angle  or  contact  area  depends  on  the 
material  type  of  the  substrate  and  the  metal  melting  temperature.  Based  on  the  reaction-free  theory,  the 
contact  angle  of  an  Au  sphere-like  NP  on  sapphire  is  between  135  and  140  degrees.20  Although  it  is 
difficult  to  accurately  read  the  contact  angle  from  the  SEM  image  in  Fig.  1(c),  the  estimated  angle  is 
close  to  the  theoretical  value. 

Figures  2(a)  and  2(b)  show  the  similar  results  to  those  in  Figs.  1(b)  and  1(c),  respectively,  by 
using  a  GaN  template  as  the  substrate.  The  GaN  template  of  2  pm  in  thickness  was  grown  on  sapphire 
substrate  with  metalorganic  chemical  vapor  deposition  along  the  c  axis  at  1000  °C.  Its  surface 
roughness  is  below  0.5  nm.  Under  laser  irradiation  of  five  pulses  at  around  20  mJ/cm2  in  energy 
density  onto  a  7.5-nm  thick  Au  film,  sphere-like  Au  NPs  are  formed  on  GaN  as  shown  in  the 
plan-view  and  tilted  SEM  images  of  Figs.  2(a)  and  2(b),  respectively.  The  top-view  diameter  is 
distributed  between  40  and  120  nm  with  the  average  value  around  75  nm.  From  Fig.  2(b),  the  contact 
angle  is  estimated  to  be  smaller  than  that  on  sapphire  and  should  be  smaller  than  130  degrees.  Au  NPs 
were  also  fabricated  on  a  Si02  template,  which  was  obtained  by  depositing  a  30-nm  Si02  layer  on  a 
GaN  template  with  plasma-enhanced  chemical  vapor  deposition.  A  tilted  SEM  image  of  such  NPs  is 
shown  in  Fig.  2(c).  Here,  one  can  see  a  few  relatively  larger  NPs,  which  have  a  contact  angle  close  to 
180  degrees.  The  details  of  laser  irradiation  conditions  and  resultant  NP  parameters  are  listed  in  Table 
It  The  major  function  of  laser  irradiation  is  supposed  to  be  thermal  annealing.  However,  such  a 
thermal  annealing  process  is  different  from  that  based  on  furnace  heating.  In  Fig.  2(d),  we  show  a 
plan-view  SEM  image  of  Au  nanostructures  fabricated  with  a  furnace-based  process  at  800  °C  for  30 
min  from  a  7.5-nm  Au  fdm  on  a  GaN  template.  Here,  the  formed  Au  nanostructures  are  quite  random 
in  morphology,  very  much  different  from  the  sphere-like  shape  shown  in  Fig.  2(a).  Therefore,  laser 
irradiation  leads  to  certain  mechanisms  besides  heating. 

Figure  3  shows  the  transmission  spectra  of  the  samples  of  Au  NPs  on  sapphire  and  Si02  with  the 
s  (Sapphire-s  and  Si02-s)  and  p  (Sapphire-p  and  Si02-p)  incident  polarization  conditions  when  the 
incident  angle  is  60  degrees  with  respect  to  the  normal  of  the  substrate  surface.  With  such  an  incident 
angle,  in  the  case  of  s-polarized  excitation,  only  the  in-plane  LSPR  features  can  be  excited.  On  the 
other  hand,  in  the  case  of  p-polarized  excitation,  both  the  in-plane  and  out-of-plane  LSPR  features  are 
excited.  As  shown  in  Fig.  3,  in  the  transmission  spectrum  of  s-polarized  excitation  of  the 
sapphire -based  sample,  two  clear  dip  features  can  be  identified,  with  one  around  515  nm  and  the  other 
around  565  nm.  The  feature  around  565  nm  is  due  to  in-plane  electron  oscillation,  which  is  affected  by 
the  contact  facet  of  the  Au  NPs  on  the  substrate,  and  is  named  as  the  in-plane  substrate  resonance 
(IPSR)  feature.  That  around  515  nm  corresponds  to  the  LSPR  of  an  Au  NP  completely  surrounded  by 
air  and  is  named  as  the  air  resonance  (AR)  feature.  This  feature  is  red-shifted  when  the  NPs  are 
immersed  in  certain  liquid  during  transmission  measurement.  In  the  transmission  spectrum  of  the 
“Sapphire-p”  case,  a  broad  dip  with  the  minimum  around  545  nm  can  be  observed.  This  broad  dip  is 
supposed  to  consist  of  three  features,  including  the  aforementioned  AR  and  IPSR,  and  an  out-of-plane 
resonance  (OPR)  feature  around  545  nm.  Similar  in-plane  and  out-of-plane  LSPR  features  have  been 
observed  in  a  periodic  metal  nanodisk  structure.21  This  OPR  LSP  feature  is  also  affected  by  the  contact 
facet  of  an  Au  NP  and  the  substrate  material.  In  Fig.  3,  the  transmission  behaviors  of  NPs  on  Si02  are 
quite  different  from  those  on  sapphire.  Because  the  contact  angle  of  the  NPs  on  Si02  is  close  to  180 
degrees,  the  IPSR  and  OPR  features  are  unclear.  Only  the  AR  feature  is  observed  in  either  s-  or 
p-polarized  excitation.  The  significant  contact  between  NPs  and  substrate  is  crucial  for  the  generations 
of  the  IPSR  and  OPR  features.  The  oscillating  transmission  behaviors  in  the  Si02  sample  are  due  to 
the  Fabry-Perot  effect  between  the  air/Si02,  Si02/GaN,  and  GaN/sapphire  interfaces.  To  guide  eyes, 
low-pass-filtering  fitting  curves  are  drawn  on  the  oscillating  transmission  curves. 

Figure  4  shows  the  transmission  spectra  of  the  Au-nanostructure  samples  on  the  GaN  template 
with  the  curves  of  GaN-s  and  GaN-p  for  s-  and  p-polarized  excitations,  respectively.  Here,  the  data  of 
both  samples  fabricated  by  laser  treatment  and  furnace-based  thermal  annealing  are  demonstrated.  In 
all  the  curves  here,  Fabry-Perot  oscillations  can  be  clearly  seen.  Again,  low-pass-filtering  fitting 
curves  are  drawn  to  guide  eyes.  Here,  in  the  sample  of  laser  treatment,  the  AR  feature  merges  into  the 
dominating  IPSR  feature  and  cannot  be  clearly  identified.  The  IPSR  and  OPR  features  are  located 
around  655  and  533  nm,  respectively.  The  relatively  smaller  contact  angle  and  larger  refractive  index 
(~2.5)  of  GaN  substrate  leads  to  a  larger  spectral  separation  between  the  IPSR  and  OPR  features, 
when  compared  with  the  case  of  sapphire  substrate.  The  transmission  behaviors  of  the  sample 


fabricated  with  furnace-based  thermal  annealing  are  quite  different  from  those  fabricated  with  laser 
treatment.  In  the  thermal  annealing  case,  although  a  broad-range  IPSR  feature  can  be  identified,  no 
feature  corresponding  to  OPR  or  AR  can  be  seen. 

3.  Numerical  Studies 

To  confirm  the  LSPR  features  described  above,  we  performed  numerical  simulation  of  plane  wave 
incidence  upon  the  structure  of  an  Au  NP  on  the  substrate  with  the  finite-element  method  (COMSOL) 
to  evaluate  the  absorption  (metal  dissipation)  and  scattering  spectra  of  the  NP/substrate  system.  Then, 
the  extinction  spectra  can  be  obtained  by  taking  the  summation  of  absorption  and  scattering.  It  is 
noted  that  the  resonance  peaks  of  absorption  and  scattering  are  not  necessarily  at  the  same  spectral 
positions.22  The  six  curves  in  Fig.  5(a)  labeled  by  A-s,  S-s,  and  E-s  (A-p,  S-p,  and  E-p)  correspond  to 
the  absorption,  scattering,  and  extinction  spectra  of  NPs  on  sapphire  when  the  incident  wave  is  s-  (p-) 
polarized  with  the  incident  angle  at  60  degrees.  The  top-view  NP  diameter  and  the  contact  angle  are 
assumed  to  be  85  nm  and  135  degrees,  respectively.  The  dielectric  characteristics  of  Au  can  be  found 
in  literature.23  In  the  E-s  curve,  one  can  see  a  peak  around  570  nm  and  a  shoulder  on  the  high-energy 
side.  The  peak  around  570  nm  corresponds  to  the  IPSR  feature  of  the  experimental  data  shown  in  Fig. 
3.  The  shoulder  originates  from  the  AR  feature  around  515  nm.  On  the  other  hand,  the  broad  hump  of 
curve  E-p  consists  of  the  contributions  of  IPSR,  AR,  and  the  OPR  feature  around  550  nm.  The  general 
agreements  of  the  LSPR  features  between  the  experimental  data  and  numerical  simulations  assure  the 
correctness  of  data  interpretation.  In  particular,  as  shown  in  Figs.  5(b)-5(d)  for  the  field  intensity 
distributions  at  515  and  570  nm  of  the  s-polarized  excitation  case,  and  at  550  nm  of  the  p-polarized 
excitation  case,  the  physical  meanings  of  the  AR,  IPSR,  and  OPR  features  become  clearer.  The  slight 
differences  in  spectral  peak  between  the  simulation  and  experimental  results  can  be  due  to  the 
imprecise  assignments  of  NP  parameters  for  simulation.  It  is  noted  that  the  intensity  distribution  in  Fig. 
5(d)  contains  the  contributions  of  the  AR,  IPSR,  and  OPR  features.  As  shown  in  Fig.  5(c)  for  the  IPSR 
feature,  the  LSP  field  is  mainly  distributed  near  the  two  edges  of  the  NP/substrate  contact  facet.  This 
feature  describes  the  in-plane  electron  oscillation  on  the  Au  NP  near  the  substrate  such  that  its 
characteristics  are  strongly  influenced  by  the  substrate  material  (refractive  index)  and  the  contact 
angle.  On  the  other  hand,  as  shown  in  Fig.  5(b),  the  AR  feature  describes  a  more  uniform  energy 
distribution  on  the  two  sides  of  the  NP  in  the  in-plane  dimension.  This  feature  is  supposed  to  be 
influenced  only  by  the  NP  size  and  the  surrounding  medium  above  the  substrate.  Then,  in  Fig.  5(d), 
one  can  clearly  see  more  energy  distributions  at  the  top  and  bottom  of  the  NP  corresponding  to  the 
contribution  of  the  OPR  feature.  In  Fig.  5(a),  one  can  also  observe  the  relative  importance  of  the 
absorption  and  scattering  contributions  to  the  three  LSPR  features.  The  AR  feature  is  mainly  caused 
by  the  absorption  of  Au  NP.  The  scattering  contribution  to  the  IPSR  feature  becomes  relatively  more 
important  even  though  it  is  still  dominated  by  absorption.  As  to  the  OPR  feature,  the  absorption  and 
scattering  contributions  become  comparable. 

To  further  understand  the  effects  of  the  refractive-index  contrast  between  the  substrate  and  the 
surrounding  medium,  and  those  of  the  imperfect  sphere  shape  of  the  NP  on  the  LSP  spectral  features, 
we  performed  the  simulations  under  the  conditions  of  an  Au  NP  completely  surrounded  by  air  and  by 
a  medium  of  sapphire  refractive  index  to  give  the  spectral  curves  in  Figs.  6(a)  and  6(b),  respectively. 
The  NP  diameter  and  the  contact  angle  are  still  assumed  to  be  85  nm  and  135  degrees,  respectively. 
The  label  notations  in  Figs.  6(a)  and  (b)  are  the  same  as  those  in  Fig.  5  for  both  s-  and  p-polarized 
excitations.  Also,  in  either  Fig.  6(a)  or  6(b),  the  simulation  results  under  the  condition  of  perfect  Au 
sphere,  labeled  by  A-sphere,  S-sphere,  and  E-sphere  for  absorption,  scattering,  and  extinction, 
respectively,  are  demonstrated.  Here,  one  can  see  that  when  the  NP  is  completely  surrounded  by  air, 
the  extinction  is  dominated  by  the  contribution  of  absorption,  whose  resonance  feature  is  slightly  blue 
shifted  from  that  of  the  scattering  contribution.  Also,  the  spectral  position  of  the  unique  LSPR  feature 
(AR)  around  515  nm  is  not  significantly  affected  by  the  NP  orientation,  i.e.,  excitation  polarization.  A 
small  blue  shift  of  the  LSPR  feature  in  p-polarized  excitation  by  ~5  nm  from  that  in  s-polarized 
excitation  is  observed.  Meanwhile,  with  perfect  sphere  shape,  the  extinction  resonance  feature  is 
located  at  almost  the  same  spectral  position  as  those  of  the  s-  and  p-polarized  LSPR  of  an  imperfect 
sphere.  However,  as  shown  in  Fig.  6(b),  when  an  NP  is  completely  surrounded  by  a  medium  of  1.76  in 
refractive  index,  scattering  feature  around  650  nm  dominates  the  contribution  to  extinction.  The 
spectral  peak  positions  of  E-s,  E-sphere,  and  E-p  curves  are  located  at  650,  640,  and  635  nm, 
respectively.  In  other  words,  the  imperfect  sphere  geometry  and  the  excitation  orientation  are 
important  factors  in  determining  the  LSPR  features  when  the  surrounding  refractive  index  is  larger 
than  unity.  From  Fig.  6,  one  can  realize  the  importance  of  the  NP  contact  angle  and  substrate  material 


in  controlling  the  LSPR  spectral  position.  It  is  noted  that  a  second  LSPR  feature  exists  around  560  nm 
leading  to  the  kinks  on  the  high-energy  side  of  the  extinction  curves. 

Figure  7  shows  the  simulation  results  of  the  Au  NP  sample  on  GaN  by  assuming  that  the  NP 
diameter  is  75  nm  and  the  contact  angle  is  125  degrees.  In  the  extinction  spectrum  of  s-polarized 
excitation,  the  features  of  IPSR  around  640  nm  and  AR  around  515  nm  can  be  clearly  identified.  Then, 
in  the  extinction  spectrum  of  p-polarized  excitation,  the  dominating  feature  of  OPR  around  545  nm 
can  be  observed  besides  the  IPSR  and  AR  (as  the  shoulder)  features.  In  this  sample  with  GaN  as  the 
substrate,  although  the  major  contribution  to  the  AR  extinction  is  absorption,  the  contributions  of 
absorption  and  scattering  to  the  IPSR  and  OPR  extinctions  are  comparable.  The  simulation  results  in 
Fig.  7  are  highly  consistent  with  the  experimental  data  in  Fig.  4. 

As  mentioned  earlier,  the  Au  NP  size  and  contact  angle  can  be  slightly  controlled  by  the  laser 
pulse  energy,  Au  film  thickness,  and  substrate  selection.  The  Au  NP  parameters  can  also  be  controlled 
by  the  covering  liquid  on  the  Au  thin  film  during  laser  irradiation.  In  Table  I,  we  list  the  parameters  of 
Au  NPs  fabricated  under  the  conditions  of  air,  water,  and  methanol  coverage  during  laser  irradiation. 
The  results  of  the  air  coverage  condition  have  been  discussed  earlier  related  to  Fig.  1.  For  comparison, 
the  results  of  the  NPs  on  GaN  and  SiCF  discussed  earlier  are  also  summarized  in  Table  I.  Among  the 
three  samples  of  sapphire  substrate  fabricated  under  the  conditions  of  air,  water,  and  methanol 
coverage  of  Au  thin  film  during  laser  irradiation,  one  can  see  the  changes  of  NP  average  size,  contact 
angle,  NP  density,  and  surface  coverage.  Although  it  is  difficult  to  exactly  determine  the  contact 
angles  under  the  conditions  of  water  and  methanol  coverage  during  laser  irradiation,  they  are  surely 
significantly  larger  than  that  under  the  fabrication  condition  of  air  coverage.  Generally  speaking, 
under  the  fabrication  condition  of  methanol  coverage,  the  NP  size  is  the  largest,  the  NP  density  is  the 
smallest,  and  the  surface  coverage  is  the  smallest,  all  followed  by  the  condition  of  water  coverage, 
among  the  three  samples  of  sapphire  substrate.  In  Fig.  8,  we  show  the  transmission  spectra  of  the  three 
samples  with  s-  and  p-polarized  excitations.  In  the  curves  of  s-polarized  excitation,  one  can  see  the 
slight  blue  shift  of  the  IPSR  feature  and  the  relatively  more  important  contribution  of  the  AR  feature 
when  water  and  methanol  are  applied  during  laser  irradiation.  On  the  other  hand,  the  broad  dip 
(containing  the  AR,  IPSR,  and  OPR  features)  under  p-polarized  excitation  is  red  shifted  when  water  or 
methanol  is  used,  indicating  that  the  OPR  feature  is  red  shifted.  In  Figs.  9(a)  and  9(b),  the  simulated 
absorption,  scattering  and  extinction  spectra  under  the  conditions  of  air,  water,  and  methanol  coverage 
with  s-  and  p-polarized  excitations,  respectively,  are  shown.  The  NP  parameters  for  simulations, 
including  NP  diameters  and  contact  angles,  are  shown  in  Table  I.  Here,  one  can  see  the  slight  blue 
shift  trend  (570  to  565  nm)  of  the  IPSR  feature  and  the  slight  red  shift  trend  (550  to  565  nm)  of  the 
OPR  feature  when  air  coverage  is  replaced  by  water  and  then  by  methanol  coverage.  Such  trends  are 
consistent  with  the  experimental  observations  shown  in  Fig.  8.  It  is  noted  that  the  relative  extinction 
levels  among  the  three  samples  shown  in  Figs.  9(a)  and  9(b)  are  not  consistent  with  the  relative  dip 
levels  shown  in  Fig.  8.  Such  an  inconsistency  is  attributed  to  the  different  NP  densities  among  the 
three  samples.  As  shown  in  Table  I,  the  sample  of  air  (methanol)  coverage  has  the  highest  (lowest)  NP 
density  that  may  reverse  the  variation  trend  of  the  total  extinction.  However,  it  is  believed  that  other 
factors  should  be  included  for  explaining  the  variation  trend  of  extinction,  including  the  possible 
variation  in  measurement  condition  and  the  LSP  coupling  between  the  neighboring  NPs.  Because  of 
the  random  distribution  nature  of  NPs,  some  of  NPs  are  close  enough  to  generate  LSP  coupling.  Such 
coupling  behaviors  are  expected  to  shift  the  LSPR  spectral  position  and  statistically  result  in  a 
broadened  LSPR  spectral  feature. 

4.  Summary 

In  summary,  we  have  demonstrated  the  fabrication  of  sphere-like  Au  NPs  of  fixed  orientation  on 
sapphire,  GaN,  and  SiCL  substrates  by  the  irradiation  of  a  few  UV  laser  pulses  onto  Au  thin  films, 
which  were  deposited  on  the  substrates.  The  top-view  diameter,  contact  angle  on  substrate,  surface 
density  and  coverage  of  the  NP  could  be  controlled  by  Au  thin  film  thickness,  laser  energy  density, 
substrate  choice,  and  the  gas  or  liquid  covering  the  Au  thin  film  during  laser  irradiation.  White  light 
transmission  measurements  showed  clear  in-plane  and  out-of-plane  LSPR  features,  including  the  AR 
feature  dictated  by  the  surrounding  gas  or  liquid  immersing  the  NPs  during  transmission  measurement, 
the  IPSR  feature  controlled  by  the  substrate  material  and  the  contact  angle,  and  the  OPR  feature, 
which  was  strongly  influenced  also  by  the  substrate  material  and  the  contact  angle.  Numerical 
simulations  based  on  the  finite-element  method  using  the  experimental  parameters  showed  highly 
consistent  LSPR  spectral  positions  and  their  variation  trends.  From  the  simulation  results,  one  could 
also  see  the  relative  importance  between  NP  absorption  and  scattering  in  contributing  to  the  total 


extinction. 
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Table  I.  Various  Au  NP  ] 

parameters  under  various  fabrication  conditions. 

substrate 

sapphire 

sapphire 

sapphire 

GaN 

Si02 

Au  thickness  (nm) 

10 

10 

10 

7.5 

10 

Laser  energy  density 
(mJ/cm2) 

30 

30 

30 

20 

20 

Number  of  pulses 

2 

2 

2 

5 

1 

Covering  gas/liquid 

air 

water 

methanol 

air 

air 

Average  NP  diameter 
(nm) 

85 

97 

99 

75 

38 

Estimated  contact 
angle  (degree) 

135 

— 145 

— 145 

<130 

— 1 80 

NP  density  (cm  2) 

1.75  x  l0y 

1.25x  109 

1.02x  109 

2.78  x  10y 

1.29  x  1010 

Surface  coverage  (%) 

13.18 

12.8 

10.6 

14.04 

17.7 

Figure  1  (a)  Plan-view  SEM  images  of  the  Au  thin  film  (10  nm  in  thickness)  on  sapphire  substrate 
before  laser  irradiation;  (b)  Plan-view  SEM  image  of  the  NPs  after  laser  irradiation;  (c)  Tilted  SEM 
image  after  laser  irradiation;  (d)  Top-view  diameter  distribution  of  the  NPs  formed  on  sapphire 
substrate.  The  insert  of  part  (d)  shows  the  definition  of  the  contact  angle. 


Figure  2  Plan- view  (a)  and  tilted  (b)  SEM  images  of  NPs  on  GaN,  and  tilted  SEM  image  of  NPs  on 
Si02  (c).  In  part  (d),  a  plan-view  SEM  image  of  the  Au  nanostructures  after  furnace-based  thermal 
annealing  at  800°C  for  30  min  is  demonstrated. 


Wavelength  (nm) 

Figure  3  Transmission  spectra  of  the  Au  NPs  on  sapphire  and  SiO?  under  the  s-  (Sapphire-s  and 
Si02-s)  and  p-polarized  (Sapphire-p  and  Si02-p)  excitation  conditions  when  the  incident  angle  is 
60  degrees  with  respect  to  the  normal  direction. 


Figure  4  Transmission  spectra  of  the  Au  NPs  on  GaN  under  the  s-  (GaN-s,  laser  treatment)  and 
p-polarized  (GaN-p,  laser  treatment)  excitation  conditions  when  the  incident  angle  is  60  degrees 
with  respect  to  the  normal  direction.  For  comparison,  the  transmission  spectra  of  the  Au 
nanostructures  on  GaN  fabricated  by  furnace-based  thermal  annealing  are  also  shown  (GaN-s, 
thermal  anneal  and  GaN-p,  thermal  anneal). 
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Figure  5  (a)  Simulated  absorption  (A-),  scattering  (S-),  and  extinction  (E-)  spectra  of  the  s-  and 
p-polarized  excitation  with  the  incident  angle  at  60  degrees;  (b)  and  (c):  Field  intensity 
distributions  under  s-polarized  excitation  at  515  and  570  nm,  corresponding  to  the  AR  and  1PSR 
features,  respectively;  (d):  Field  intensity  distribution  under  p-polarized  excitation  at  550  nm, 
corresponding  to  the  combinations  of  the  OPR,  AR,  and  1PSR  features. 


Figure  6  Simulated  absorption,  scattering,  and  extinction  spectra  of  an  Au  NP  with  the  parameters 
given  for  the  results  in  Fig.  5  but  completely  surrounded  by  the  media  of  air  (a)  and  sapphire  (b) 
refractive  indices.  The  results  of  a  perfectly  spherical  NP  as  labeled  by  “-sphere”  are  also  shown  in 

either  part  (a)  or  (b)  for  comparison. 


Figure  7  Simulated  absorption,  scattering,  and  extinction  spectra  of  an  Au  NP  on  GaN  with  the  s-  and 

p-polarized  excitations. 
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Figure  8  Transmission  spectra  of  the  samples  of  Au  NPs  on  sapphire  fabricated  with  air,  water,  and 
methanol  coverage  on  Au  thin  films  during  laser  irradiation  under  the  s-  and  p-polarized 
excitations. 


Figure  9  Simulated  absorption,  scattering,  and  extinction  spectra  of  the  Au  NPs  fabricated  with  air, 
water,  and  methanol  coverage  on  Au  thin  films  during  laser  irradiation  under  the  s-  (a)  and 

p-polarized  (b)  excitations. 


Part  II:  Spiral  Deposition  with  Alternating  Indium  Composition  in  Growing  an  InGaN 
Nano-needle  with  the  Vapor-liquid-solid  Growth  Mode 

1.  Introduction 

Quasi -one  dimensional  (1-D)  semiconductor  structures  have  attracted  much  attention  for  many  novel 
applications.  Such  a  structure  has  the  advantages  of  low  dislocation  density,  lateral  strain  relaxation, 
and  possibly  quantum  confinement.  For  wide-band  gap  nitrides,  although  the  growth  of  GaN 
nanocolumns,  nanoposts,  nanorods,  and  nanowires  have  been  widely  demonstrated  [1-6],  the  growth 
of  quasi-l-D  InGaN  structures,  which  have  application  potential  in  fabricating  high-efficiency  solar 
cells  and  light-emitting  devices,  is  rarely  reported  [7,8],  particularly  those  grown  with  metalorganic 
chemical  vapor  deposition  (MOCVD).  Among  various  growth  techniques,  the  vapor-liquid-solid 
(VLS)  growth  mode  has  been  widely  used  for  growing  quasi-l-D  structures  [9-13].  In  this  growth 
mode,  either  self-metal  or  extrinsic-metal  catalyst  is  needed  for  transferring  vapor  elements  into 
crystalline  structure  through  the  molten  catalyst  metal  droplet.  In  other  words,  the  molten  metal 
absorbs  composition  elements  to  reach  a  super-saturation  condition,  under  which  the  composition 
elements  are  precipitated  on  the  seeding  semiconductor  beneath  the  catalyst  metal  droplet.  With  this 
approach,  quasi-l-D  semiconductor  structures  can  be  formed  following  the  trace  of  the  catalyst  metal 
droplet. 

In  this  part  of  the  report,  the  spiral  deposition  behaviors  of  InGaN  with  alternating  indium 
composition  in  growing  InGaN  nanoneedles  (NNs)  with  the  VLS  mode  are  reported.  Au  nanoparticles 
(NPs)  formed  with  laser  irradiation  onto  an  Au  thin  film  on  a  GaN  template  [14]  are  used  as  catalyst  in 
such  an  MOCVD  growth.  From  the  transmission  electron  microscopy  (TEM)  measurements, 
including  high  angle  annular  dark  field  (FIAADF)  and  energy  dispersive  X-ray  (EDX)  operations,  we 
observe  the  alternating  “anti-symmetric”  indium  content  distribution  with  respect  to  an  almost  vertical 
axis  along  the  c-direction  near  the  center  of  an  InGaN  NN.  Also,  along  the  growth  direction,  indium 
content  varies  quasi-periodically.  It  is  deduced  that  the  VSL  growth  follows  a  helical  deposition 
pattern  of  InGaN  with  a  quasi-periodical  indium  composition  variation  in  an  nm  scale. 

2.  InGaN  Nanoneedle  Growth  and  Characterization  Methods 

The  sphere-like  Au  NPs  for  serving  as  the  catalyst  were  prepared  on  a  2-pm  GaN  template,  which  was 
grown  at  1000  °C  on  c-plane  sapphire  substrate  with  MOCVD,  by  first  depositing  an  Au  thin  film  of 
7.5  nm  in  thickness  and  then  irradiating  the  Au  thin  film  with  the  fourth-harmonic  of  a  Q-switched 
Nd:YAG  laser.  After  the  irradiation  of  five  laser  pulses  of  20  mJ/cm2  in  energy  density,  sphere-like  Au 
NPs  of  75  nm  in  average  diameter  and  2.78  x  109  cm"2  in  surface  particle  density  were  formed.  A 
plan-view  scanning  electron  microscopy  (SEM)  image  of  the  Au  NPs  on  GaN  is  shown  in  Fig.  1.  The 
GaN  template  with  Au  NPs  was  used  for  GaN  and  InGaN  overgrowth  in  an  MOCVD  reactor.  Figure  2 
shows  a  cross-section  SEM  image  of  GaN  overgrowth  at  700  °C  for  30  min.  Flere,  one  can  see  that  the 
Au  NPs  are  embedded  in  GaN  and  no  quasi-l-D  nanostructure  is  formed.  In  other  words,  Ga  atoms 
are  not  effectively  absorbed  by  molten  Au  NPs  for  VLS  growth.  It  is  noted  that  the  Au  NPs  are 
expected  to  be  melting  at  the  temperature  of  700  °C  even  though  it  is  significantly  lower  than  the 
meting  point  of  bulk  Au  at  1064  °C.  The  molten  Au  droplets  on  the  template  are  in  sphere-like  shapes 
due  to  surface  tension. 

Then,  InGaN  growth  was  performed  on  another  GaN  template  with  the  similar  Au  NPs  also  at 
700  °C  for  60  min  after  GaN  growth  at  600  °C  for  10  min.  The  first-stage  GaN  growth  is  needed  for 
filling  up  the  spacing  between  Au  NPs  before  InGaN  growth;  otherwise,  no  quasi-l-D  InGaN 
structure  can  be  fabricated.  Figure  3  shows  a  tilted  SEM  image  of  the  grown  InGaN  NNs.  At  the  tips 
of  some  InGaN  NNs,  the  residual  Au  NPs  (dark  spots)  can  still  be  seen.  The  bases  of  some  of  those 
NNs  are  larger  than  100  nm  in  size,  which  is  larger  than  the  sizes  of  the  formed  Au  NPs.  It  was 
observed  that  neighboring  Au  NPs  on  a  GaN  template  could  be  combined  to  form  a  larger  molten  Au 
droplet  for  serving  as  catalyst.  Au  atoms  might  be  mixed  into  precipitated  InGaN  during  the  catalytic 
growth  such  that  an  Au  droplet  becomes  smaller  and  the  InGaN  cross  section  also  becomes  smaller 
along  the  growth  in  the  c-direction  to  form  the  needle  geometry. 

Figure  4  demonstrates  a  cross-section  TEM  HAADF  image  showing  three  InGaN  NNs  with  the 
residual  Au  NPs  removed  (to  show  the  flat  tops).  A  Philips  Tecnai  F20  G2  FEI-TEM  system  was  used 
for  FIAADX  and  EDX  observations  with  the  electron  beam  size  of  1  nm.  Also,  a  Bede  1 
high-resolution  X-ray  diffraction  (XRD)  facility  was  used  for  XRD  evaluation  of  the  InGaN  NN 
sample.  From  the  result  of  reciprocal  space  mapping  (RSM),  as  shown  in  Fig.  5,  the  InGaN  is 
fully-strain  relaxed.  Here,  the  vertical  and  slant  dashed  lines  correspond  to  the  fully-strained  and 


fully-strain-relaxed  conditions,  respectively.  Figure  6  shows  the  XRD  co-29-scan  intensity  distribution 
of  the  InGaN  NN  sample.  The  InGaN  peak  here  corresponds  to  an  average  indium  content  of  22  %. 

3.  Analyses  of  Transmission  Electron  Microscopy  Images 

igure  7  shows  the  HAADF  close-up  image  of  an  InGaN  NN.  The  circular  bright  spots  in  the 
background  represent  the  residual  Au  NPs.  In  the  NN,  one  can  clearly  observe  an  almost  vertical  axis 
around  the  center  of  the  NN  (indicated  by  the  two  arrows  in  the  NN  region).  Also,  the  bright  and  dark 
contrast  distribution  shows  a  quasi-periodical  pattern  along  the  vertical  direction  (the  c-axis)  and  a 
roughly  “anti-symmetric”  pattern  along  the  horizontal  direction  with  respect  to  the  aforementioned 
vertical  axis.  In  other  words,  if  the  contrast  is  brighter  on  the  right-hand  side  at  a  certain  height  of  the 
NN,  it  becomes  darker  on  the  same  side  in  the  next  half-cycle  of  the  quasi-period  when  moving  along 
the  vertical  axis.  It  is  noted  that  in  a  FIAADF  image,  a  brighter  region  corresponds  to  higher  indium 
content.  Therefore,  it  is  deduced  that  the  InGaN  growth  follows  a  helical  deposition  pattern  with  a 
quasi-periodical  indium  content  distribution  along  the  growth  direction  [15-20]. 

To  prove  this  deduction,  vertical  and  horizontal  EDX  signal  and  FIAADF  intensity  distributions 
along  the  roughly  marked  vertical  and  horizontal  dashed  lines  in  Fig.  7  (red  and  blue  dashed  lines  for 
EDX  and  FIAADF,  respectively)  are  analyzed.  Figure  8  shows  the  horizontal  EDX  (the  left  ordinate 
for  indium  atomic  %)  and  FIAADF  (the  right  ordinate)  data  distributions  along  the  horizontal  dashed 
lines  (at  different  heights)  in  Fig.  7.  The  spatial  resolution  of  EDX  scanning  is  around  1  nm.  That  of 
FIAADF  is  expected  to  be  higher.  In  Fig.  8,  one  can  see  the  two  generally  different  levels  in  either 
indium  atomic  %  of  EDX  or  FIAADF  intensity  between  the  positive  and  negative  coordinates.  It  is 
noted  that  the  zero  points  of  the  horizontal  distance  are  roughly  assigned  to  show  the  “anti-symmetric” 
patterns.  Around  the  vertical  axis  (at  0  distance  here),  either  FIAADF  intensity  or  EDX  indium 
atomic  %  shows  a  local  maximum. 

Figure  9  shows  the  results  of  FIAADF  and  EDX  scanning,  similar  to  Fig.  8,  along  the  vertical 
direction.  The  generally  decreasing  trend  of  FIAADF  intensity  along  the  c-axis  can  be  caused  by 
imperfect  imaging  operation  and  cannot  be  interpreted  as  a  decreasing  trend  of  indium  content.  To  see 
the  nm-scale  indium  composition  variation  along  the  c-axis,  we  performed  Fourier  transforms  of  the 
spatial  signal  variations  in  Fig.  9  to  give  the  normalized  spatial-frequency  spectra  in  Fig.  10.  In  this 
figure,  although  one  cannot  observe  any  dominating  spatial-frequency  component  within  the 
concerned  range  (>0.1  nm'1)  in  either  FIAADF  or  EDX  scanning  result,  a  few  consistent  peaks 
between  the  FIAADF  and  EDX  scanning  results  can  be  identified,  including  those  at  0.22  and  0.3  nm'1. 
These  two  spatial-frequency  features  correspond  to  4.55  and  3.33  nm  in  period  in  a  quasi-periodical 
variation  of  indium  content.  They  may  represent  the  two  major  components  of  indium  content 
variation. 

4.  Discussions 

Based  on  the  “anti-symmetric”  FIAADF  and  EDX  data  distributions  with  respect  to  the  vertical  axis, 
one  can  imagine  a  mechanism  of  helical  deposition  of  InGaN  atoms  with  alternating  indium 
composition  of  a  high  and  a  low  level.  Because  a  TEM  image  shows  the  integration  of  atomic 
distribution  along  the  electron  beam  direction,  the  projection  of  such  an  integration  of  a  helical  indium 
distribution  can  lead  to  the  alternating  FIAADF  contrast  along  the  growth  axis  with  an 
“anti-symmetric”  distribution  with  respect  to  the  axis  of  the  InGaN  NN.  Also,  because  of  the  thickest 
integration  around  the  axis,  a  projected  indium  content  maximum  can  be  observed  around  this  axis. 
Such  results  can  be  visualized  by  looking  at  a  mechanical  spring  in  a  direction  perpendicular  to  its 
axis.  Spiral  growth  has  been  reported  with  the  VLS  growth  mode  in  various  materials  [15-20].  Based 
on  theories  and  simulations,  its  growth  mechanism  has  been  attributed  to  the  formation  of  a  screw 
dislocation  in  the  early-stage  of  the  growth  [15,16,18,20].  The  screw  dislocation,  which  is  expected  to 
be  easily  formed  in  our  InGaN  growth,  results  in  the  helical  deposition  of  an  InGaN  NN. 

The  alternating  indium  composition  can  be  attributed  to  a  non-critical  super-saturation  process 
during  the  VLS  growth.  In  other  words,  there  is  a  finite  range  of  indium  content  for  reaching  the 
super-saturation  and  precipitation  conditions  in  the  Au  droplet.  From  the  overgrowth  result  of  GaN 
(see  Fig.  2),  in  which  Au  NPs  are  buried  in  GaN  and  no  quasi-l-D  structure  is  formed,  it  is  reasonable 
to  assume  that  Ga  incorporation  into  the  molten  Au  droplet  is  less  effective  than  its  direct  deposition. 
Therefore,  the  grown  indium  composition  is  controlled  by  indium  incorporation  into  the  molten  Au 
droplet  at  the  needle  top  during  the  growth.  During  indium  precipitations  to  form  InGaN,  the  major 
part  of  Ga  atoms  is  supplied  directly  from  the  vapor  phase.  Such  a  Ga  atom  supply  is  supposed  to  be 
quite  stable.  Once  the  super-saturation  condition  is  reached,  InGaN  is  deposited  through  precipitation 


to  form  a  high-indium  layer  of  a  couple  nm  in  thickness.  This  super-saturation  and  hence  precipitation 
condition  can  be  maintained  even  though  the  indium  content  in  the  Au  droplet  is  slightly  reduced. 
Under  such  a  condition,  an  InGaN  layer  of  relatively  lower  indium  content  is  grown  until  the  next 
super-saturation  stage  is  reached  and  another  higher-indium  InGaN  layer  is  to  be  deposited.  The 
mechanism  for  generating  such  a  pulsed  super-saturation  process  is  still  not  known  and  deserves 
further  investigation.  It  is  noted  that  with  the  random  distribution  of  Au  NPs  or  InGaN  NNs  on  the 
GaN  template  and  the  turbulent  ambient  vapor  in  the  MOCVD  growth  chamber,  the  pulsed 
super-saturation  process  cannot  follow  a  perfectly  periodical  pattern.  Hence,  the  quasi-periodical 
behavior  is  observed. 

5.  Summary 

In  summary,  the  helical  deposition  of  InGaN  with  a  quasi-periodical  indium  content  distribution  along 
the  growth  direction  for  growing  InGaN  NNs  with  the  VSL  mode  was  observed  based  on  the  analyses 
of  HAADF  and  EDX  scanning  measurement  results  along  and  perpendicular  to  the  growth  direction. 
The  alternating  indium  content  along  the  growth  direction  was  attributed  to  a  pulsed  behavior  of 
indium  super-saturation  process  in  the  catalytic  Au  droplet  at  the  top  of  an  InGaN  NN.  The  helical 
deposition  could  be  due  to  the  formation  of  screw-type  dislocations  around  the  bases  of  InGaN  NNs 
for  initiating  spiral  growth. 
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Fig.  2  A  cross-section  SEM  image  of  a  GaN  layer  with  embedded  Au  NPs. 


Fig.  3  A  tilted  SEM  image  of  the  grown  InGaN  NNs. 
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Fig.  4  A  cross-section  TEM  FIAADF  image  showing  three  InGaN  NNs. 
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Fig.  5  RSM  image  of  the  InGaN  NN  sample  with  the  vertical  and  slant  dashed  lines  corresponding  to 
the  fully- strained  and  fully-strain-relaxed  InGaN  conditions,  respectively. 
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Fig.  6  XRD  ff>-29  scan  pattern  of  the  InGaN  NN  sample. 


Fig.  7  HAADF  close-up  image  of  an  InGaN  NN.  The  vertical  growth  axis  is  indicated  by  the  two  short 
vertical  arrows.  Two  horizontal  and  two  vertical  dashed  lines  are  drawn  to  show  the  rough 
locations  of  FIAADF  and  EDX  scanning  for  analysis. 


3 

i— t- 

CD 

<75 


0) 

c 


Fig.  8  Florizontal  EDX  (the  left  ordinate  for  indium  atomic  %)  and  FIAADF  (the  right  ordinate)  data 
distributions  along  the  horizontal  dashed  lines  shown  in  Fig.  7. 
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Fig.  9  Vertical  EDX  (the  left  ordinate  for  indium  atomic  %)  and  HAADF  (the  right  ordinate)  data 
distributions  along  the  vertical  dashed  lines  shown  in  Fig.  7. 
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Fig.  10  Normalized  spatial-frequency  spectra  of  the  HAADF  and  EDX  data  in  Fig.  9. 
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